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CAVITATION AND EFFECTIVE LIQUID TENSION

OF NITROGEN IN A TUNNEL VENTURT

SUMMARY

Cavitation of liquid nitrogen was induced on the walls of a Venturi having
a 1.377-inch throat diameter in a closed-return hydrodynamic tunnel. Just prior
to incipient cavitation, the minimum local wall pressure was significantly less
than the vapor pressure corresponding to the stream liquid temperature; this
pressure difference is called effective liquid tension. Effective tensions
ranged from 8 to 60 feet of nltrogen head for approach velocities from 17 to
55 feet per second, respectively. Temperatures and pressures measured within
regions of well-developed cavitation were in thermodynamic equilibrium but were
less than the temperature and the saturation vapor pressure of the approaching
stream. Measured temperature depressions were as high as 3° F and corresponded
to a head depression of 9 feet of liguid nitrogen (at the temperatures studied).
These depressions increased with both stream velocity and extent of cavitation.

Compared with previous cavitation tests of room-temperature water in the
same Venturi, nitrogen sustalned nearly twice the effectlve tension and exhib-
ited temperature depressions at least one order of magnitude greater.

INTRODUCTION

Cavitation may be described as the formation and subsequent collapse of
vapor cavities in a flowing liquid brought about by pressure changes resulting
from changes in flow velocity. Cavitation is undesirable because 1t often re-
sults in mechanical damage, nolse, and degradation of the flow pattern, which
reduces component performance. Experimental studies have shown that water can
flow cavitation-free through local regions in which the pressures are consider-
ably lower than the saturation vapor pressure corresponding to the liquid tem-
perature (refs. 1 to 4). In these reglons, the liquid is superheated and in a
thermodynamically metastable state. The maximum decrement of local pressure
relative to vapor pressure occurring at, or Jjust prior to, inclplent cavitation
is called herein the effective liquid tension. This effective tension can be
consldered as a pressure difference tending to rupture, or cavitate, the liquid.
Effective l1iquid tension is not the same as the tensile strength of liquids as
generally defined in the literature; the latter definition is reserved for pres-
sure decrements relative to an absolute pressure of zero. There is also evidence
that, within a cavitated region, the local pressure can be less than the vapor
pressure corresponding to the liquid temperature of the approaching stream
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(refs. 5 and 6). Such effects are usually attributed to evaporative cooling of
the neighboring ligquid, which in turn is dependent on the amount of vapor formed
during cavitation. These thermodynamic effects are believed to be significant
Tactors affecting cavitating pump performance with liquids of different thermo-
dynamic properties (refs. 6 to 9). As indicated in references 8 and 9, success-
ful prediction of cavitation characteristics of various liquids in hydraulic
equipment requires a more basic understanding of such things as nucleation times
of metastable (superheated) liquids, rates of cavity formation and vaporization,
and temperature and pressure effects within the cavitated region caused by the
phase change.

The purposes of this investigation were to study in a flowing system the
occurrence and magnitude of effective liquid tension in nitrogen at or near
cavitation inception and to determine experimentally temperatures and pressures
within cavitated regions. Comparisons were made with measurements taken in water
with the identical Venturi. The study was conducted at the NASA Tewls Research
Center as part of a general program of cavitation research. The nitrogen cavi-
tation was induced on the walls of a transparent Venturi test section (throat
diam., 1.377 in.) in a closed-return tunnel submerged in a liquid-nitrogen bath.
The flow velocity in the Venturi approach section was varied from 17 to 55 feet
per second, and the resulting tunnel liquid temperatures were between about 140°

and 144° R.

APPARATUS

The facility used in the present study is a small closed-return hydrodynamic
tunnel designed to handle cryogenic as well as ordinary liquids. For operation
with liquid nitrogen, the entire tunnel was submerged in a liguid-nitrogen bath
that acted as insulation and as a heat sink for removing the heat imparted to the
tunnel liquid by the pump. A schematic drawing and a photograph of the complete
facility showing the tunnel-bath arrangement are shown in figures l(a) and (b),
respectively. The tunnel is designed to accommodate 12-inch-long test sections
having maximum inlet diameters of 1.743 inches. It is fabricated of aluminum to
provide good heat transfer between the tunnel and the bath liquids and has a
total liquid capacity of about 10 U.S. gallons. The variable-speed pump-drive
system 1s capable of providing operational flow velocities from about 17 to
85 feet per second at the working-section inlet. The centrifugal pump is a com-
merecially available unit designed to handle cryogenic liquids. Except for minor
differences discussed herein, the tunnel portion of the facility is identical
to that described in detail in reference 1.

The bath surrounding the tunnel (fig. 1) is fabricated from 304 stainless
steel. It is of rigid construction (no flexible joints or bellows) and is insu-
lated with l/z-inch-thick composition corkboard bonded directly to the metal.
Two 8-inch~diameter side windows and one 4-inch-dlameter top window are provided
for viewing, lighting, and photographing cavitation. The windows, made from
2-inch-thick Lucite, are installed in 304-stainless-steel mounting frames and
incorporate ring-type seals of pure lead. Design details are presented in fig-
ure 1(c). To allow for dimensional changes of the window with respect to its
mounting, each window is provided with a thin-walled (0.005 in.) inflatable




stainless-steel inner tube that, when pressurized (with helium gas from 300 to
1000 lb/sq in. gage), continually forces the window against the primary seal.
The window is maintalned condensation-free by air jets directed against the out-
side surface.

Except at the pump end, the tunnel and the bath are supported by adjustable
sliding pads to allow for dimensional changes during cooldown. The design pres-
sure range for the bath is 0 to 30 pounds per square inch absolute, and 0.010-
inch-thick plastic (polyethylene terephthalate) gaskets were used as seals
throughout. The total liquid capacity of the facility is about 70 U.S. gallons.

In addition to measurements in the working section, static pressures were
measured in the tunnel expansion chamber, across the contraction nozzle (for
flow-velocity determinations), at the pump inlet and outlet flanges, and in the
bath ullage space. The lilquid levels in the bath and in the tunnel expansion
chamber were measured by means of capacitance-type sensors. The sensor in the
bath was also used to control bath liquid level automatically. The bath includes
a standoff with seals at room temperature to pass the necessary electrical and
thermocouple leads. DPressure lines from the tunnel and the test section were
passed through multiple~tube gland-type fittings mounted in the bath wall.

A schematic drawing of the valving system and associated facility equipment
is shown in figure 2. The equipment consists of a 450-gallon supply Dewar, a
vacuum-jacketed f£ill and drain line, gas pressurization systems (nitrogen and
helium), appropriate valving, controls, and safety devices.

Working Sections and Instrumentation

Liquid-nitrogen cavitation studies were made with a Venturi section of
transparent acrylic plastic, the same section as used for the water cavitation
studies reported in reference 1. As shown in figure S(a), the Venturil contains
a slightly modified quarter round (nominal radius, 0.183 in.), which provides
transition from a 1.743-inch approach diameter to a 1l.377-inch throat diameter.
The 0.75-inch-long throat 1s followed by a conical diffuser. The actual contour
of the modified quarter-round region is presented in figure 3(b). The contour,
of an enlarged (4.61 scale) aerodynamic Venturi model used for pressure-
distribution studies in a wind tunnel is also included.

The 10 static-pressure taps, located as shown in figure 3, are ldentical to
those described in detail in reference 1. For the present study, seven copper-
constantan wall thermocouples were installed in the Venturi: three to measure
inner- and outer-wall temperature, and four to measure temperatures within the
cavitated reglon. These latter thermocouples were installed in existing pressure
taps, as required, with the junctions flush with the Venturi inner wall. The
method of installation and thermocouple locatlons are presented in figure 3(a).
Absolute values of tunnel liquid temperature were measured by means of a cali-
brated platinum resistance thermometer mounted on the tunnel centerline 4% inches
upstream from the contraction nozzle (fig. 1(a)). The temperature measured by
the resistance thermometer (to +0.05° F) was used for the stream temperature (and



vapor pressure) in the Venturi approach section. (Further discussion is pre-
sented in the section Determination of Effective Liquid Tension.) The calibrated
thermocouple circuit used to determine temperatures within the Venturi was de-
signed to yleld temperature differences with respect to a reference copper-
constantan thermocouple mounted close to the resistance-~thermometer bulb.

In the experiments reported in reference 1, an accurately scaled aerodynamic
model of the present hydrodynamic Venturi was used to define the wall pressure
distribution in the critical quarter-round region, which includes the point of
minimum pressure. Because of the small size of the region, it was not feasible
to install adequate pressure instrumentation on the quarter round of the hydro-
dynamic Venturi. The range of Reynolds numbers included in the aerodynamic data
of reference 1, however, proved inadequate for use in the present study because
of the relatively high Reynolds numbers obtained with liquid nitrogen (about four
times those for water at the same flow velocity). Further aerodynamic studies,
extending these previous data to higher Reynolds numbers, were made with the
identical model and experimental arrangement. Model details are presented in

reference 1.

Pressure Measurements

Tunnel, bath, and working-section pressures were measured by banks of
7-foot-high multiple-tube mercury mancmeters. The sealed mercury reservoirs of
the manometers were interconnected with the tunnel pressurization system so that
all readings were relative to the tunnel pressure measured in the gas space above
the liquid nitrogen in the expansion chamber. This reference tunnel pressure
was measured by a column of mercury when possible, otherwise by a precision gage.
The range of the overall pressure-measuring system limited the operational flow
velocity to about 55 feet per second (maximum studied) at the test-section inlet.
Manometers were read to within about *0.03 inch.

The pressure lines leading from the tunnel and the Venturi static taps,
through the bath liquid and wall, were arranged horizontally for several inches
just inside the bath and continued for at least 1 foot just outside the bath (in
air). The horizontal run was located 4 inches above the Venturi centerline.
Local pressures within the Venturl ranged from less than to greater than the
vapor pressure corresponding to the bath temperature (Lowest system temperature).
When local Venturi pressures exceeded the vapor pressure corresponding to the
bath temperature, a compressed or subcooled liquid (relative to bath conditions)
existed in the pressure lines, and the vapor-liquid interface occurred within
the horizontal rune Thus, for this condition, a hydrostatic head correction of
4,0 inches of liquid nitrogen was applied to the manometer readings. When indi-
cated pressures were less than the vapor pressure corresponding to the bath tem-
perature, the pressure lines were consldered to contain only nitrogen vapor
(given sufficient time for amy liquid to vaporize), and no hydrostatic head cor-

rection was necessary.

Photographic Equipment

Cavitation was photographed by a 4- by 5-inch still camera 1n conjunction



with either a 0.5- or a l.2-microsecond high-intensity flash unit. Sixteen-
millimeter movies were taken either by a system with a maximum of 8000 frames per
second and a synchronized intermittent light source (1 flash/frame) or by a
rotating-drum camera (max. speed, 26,000 frames/sec) and a continuous light
source with electronically timed flash duration.

PROCEDURE
Facility Operations and Techniques

The liquid nitrogen used in the cavitation studies was commercially obtained
in accordance with U.S. Alr Force specification MIL-P-27401A but with the follow-
ing exceptions: nitrogen, greater than 99.99 percent; oxygen, not more than
50 parts per million by volume; and hydrocarbons (taken as methane), not more
than 5.0 parts per million by volume. The nitrogen actually used in the study
was not analyzed, but random sampling at the Lewis Research Center showed the
molsture content to be not more than 15.0 grams per 1000 cubic feet of liquid,

a typical value being about 5.0 grams per 1000 cubic feet.

Just prior to the overall cavitation study, the tunnel facility was thorough-
1y cleaned and dried., For each filling, the facility was first evacuated and
sealed under vacuum, and then the supply Dewar was pressurized (4 to 6 lb/sq in.
gage) to transfer the liquid nitrogen. Cooldown and filling of the tunnel and
the bath required approximately 1 hour; the facility was allowed to cold-soak
for an additional hour with the liquid circulating slowly to prevent possible
freezing of the pump shaft bearing. The liquid level in the bath was maintained
at least 1 inch above the tunnel expansion chamber. The bath liquid was not
pressurized, and its temperature was nearly constant at 139.1%0.2° R for all
studies. Moderate bubbling within the bath liquid did not hinder observation of
the test section and could be temporarily suppressed by closing the vent valve.
The tunnel liquid temperature was higher than the bath temperature by an amount
ranging from about 0.7° F with the pump l1dle to 4.5° F at the maximum tunnel ve-
locity studied (55 ft/sec). Heat transfer between the tunnel and the bath lig-
uids was not sufficient to remove all the heat imparted to the tunnel liquid by
(1) energy input from the pump and (2) a heat leak through the air-exposed im-
peller shaft and the back side of the pump. Required pressurization of the tun-
nel liquid was accomplished by admitting dry nitrogen gas to the ullage space in
the expansion chamber. During a data run, the flow velocity in the Venturi ap-
proach section was fixed, and Venturi cavitation was controlled by varying the
gas pressure in the expansion chamber. For a fixed approach velocity, the tunnel
liquid temperature did not vary with extent of cavitation.

Criteria and Character of Incipient Cavitation

The operating condition at which the formation or collapse of vapor bubbles
near the model surface is Jjust detectable by eye is defined herein as incipient
cavitation. Audible detection of incipient cavitation in liquid nitrogen was not
attempted. With nitrogen, incipient cavitation was evidenced by intermittent
bursts of vapor cavities with leading edges located in the region of minimum
pressure on the dquarter round. Size and appearance of individual incipient



cavities varied considerably with free-stream velocity, as shown in figure 4.

Typical low-speed cavities (20 ft/sec, fig. 4(a)) were about l%-inches long by

g‘inch wide. They began with leading edges in the minimum-pressure region but

were quickly swept downstream (center burst, fig. 4(a)). Typical higher speed
cavities (39.5 ft/sec, fig. 4(b)) were about 0.2 inch long by 1/8 inch wide with
leading edges remaining in the minimum-pressure reglon. FEFach burst of incipient
cavitation lasted only a short time (order of a few msec). Incipient cavitation
never occurred as a complete ring, but, with increasing flow velocity, the cavi-
tation bursts were smaller and more numerous, and the frequency of occurrence
increased to several per second. No measurable differences in incipient condi-
tions were observed whether the incipient state was approached from initially
noncavitating flow by decreasing pressure (onset method) or by increasing pres-
sure from an initially greater than incipient cavitation state (suppression
method). As in the study of reference 1, incipient conditions were based on ob-
servations of cavitation at circumferential locations well away from the local-

ized cavitation of pressure taps 2 and 3 (fig. 3).

Determination of Effective Liquid Tension

If a flowing liquid cavitates incipiently when the minimum pressure hpyip
equals the vapor pressure corresponding to the stream liquid temperature hy,
then, in terms of the conventional pressure coefficient Cp and the incipient
cavitation parameter K;i, it follows that

_ bo-bpy hg - by
_CPJmin V(Z)/Zg = VCZ)/Zg X (1)

(Symbols are defined in the appendix.) Consequently, an experimentally deter-
mined value of Kji less than "Cp,min means that hyin 1s less than hy, or,
as defined hereinafter, a condition of effective liquld tension exists within the
liguid. For convenience, Kj + Cp pin 1s called the effectlve-tension parameter.

Its value 1s a measure of tension in terms of the velocity head Vg/Zg. The
absolute value of effective liquid tension is computed from the relation

v2
0
hpip - by = 2g (K; + Cp,min) (2)

This determination assumes that noncavitating values of Cp,min are valid at
incipient cavitatlon or, more exactly, at the single-phase liguid condition just
prior to the incipient threshold on the model. Aerodynamic pressure data, cor-
rected to incompressible flow values, are used to obtain values of Cp pin. For
a fixed free-stream velocity Vg, Ki 1s determined by measuring free-stream
values of static pressure hg and temperature at incipient conditionsj the lat-
ter measurement is used to determine free~stream vapor pressure hy. Free-stream
values always refer to conditions within the Venturi approach section (fig. 3(a)).



Measurements of inner-wall temperature in the Venturi approach section
(x = 3.12 in., fig. 3(a)) indicated no temperature difference from that measured

1
by the platinum resistance thermometer located l@g inches upstream.(fig. l).

Free-stream velocity Vg was calculated from the static-pressure-head difference
across the tunnel contraction nozzle (flow coefficient of unity). Corrections
for flow areas at the nozzle taps and dimensional changes that occurred at
ligquid-nitrogen tempersture were considered so that

Uy = 8.21 ~/An (3)

RESULTS AND DISCUSSION
Noncavitating Pressure Distributions

Typical axial distributions of wall-pressure coeffilcients for the hydrody-
namic and aerodynamic Venturis are presented in figure 5 together with results
obtained from computations for incompressible lrrotational flow. The computed
results are for the actual Venturi shape tested and are identical with those
described in detaill in reference 1. The experimental data herein are for free-
stream Reynolds numbers near 1.68x106 (VO in liquid nitrogen of about
24 ft/sec), whereas the computed results are for an infinite Reynolds number. A
magnified plot of the pressure distribution in the critical minimum-pressure
region is presented in the left half of figure 5(a), while the right half of
figure 5(a) shows the experimental variation of Cy piny Wwith Rep. The good
agreement between aerodynamic, computed, and liqpiginitrogen results in the
minimum~pressure region validates the use herein of aerodynamic values of Cp,min
as a function of Rep in the determination of minimum pressure at incipient
cavitation. Faired OCp pip _values range from -3.20 at an Rep of 0.23x105 to
-3.50 at an Rep of l.é3X106 (max. Rep obtainable in the wind tunnel). The
minimum computed value of Cp pin is -3.82. The location of Cp pin was at an
x/D of 2.471 (66° of arc) and did not change with Rep. (An auxiliary scale of
liquid-nitrogen stream velocity is included with the Cp,min plot (fig. 5(a))
for convenience.)

The axial distribution of wall-pressure coefficient for the complete Ven~
turi, including the approach section, is presented in figure 5(b) for the same
conditions as those of figure 5(a).

Incipient Cavitation

The incipient-cavitation parameter K; for the Venturi in nitrogen is pre-
sented in figure 6 as a function of free~stream velocity. The negative noncavi-
tating Cp,min values (from fig. 5(a)) are plotted for reference, as is the
limiting computed value of -Cp nmip at infinite Reynolds number. Values of Kj
are always considerably less than -Cp pin, an indication (from eq. (1)) that,
at incipient cavitation, the minimum pressure hpyip on the Venturi is always
less than the free-stream vapor pressure hy. With increasing free-stream veloc-
ity, K; steadily increases, and at the higher speeds the K; curve almost



parallels the -Cp nmipn curve.

A comparison of liquid-nitrogen incipient-cavitation results with the visi-
ble incipient-cavitation results for water in the identical Venturi (ref. 1) is
presented in figure 7, where K; 1s plotted as a function of free-stream
Reynolds number based on liquid properties corresponding to the free~stream tem-
perature at each condition. The use of Rep 1s merely for convenient reference
and is not intended to demonstrate the usefulness of Rep as a correlating
factor. The visible Kj values for water (from ref. 1) represent data for de-
mineralized, distilled, and tap water studied over a wide range of air content.
The range of free-stream velocity for the water data is 19 to 45 feet per second
and that for liquid nitrogen is 17 to 55 feet per second. Although incipient
cavitation in nitrogen was readily detected, it was less abrupt and less consis-
tent compared with that in water; consequently, the nitrogen datas show a little
more scatter than the water data. The X; values for nitrogen steadily increase
with increasing Reynolds number, whereas values of X; for water tend to become
asymptotic to a value near 2.75. Except at the highest speed (highest Rep), the
nitrogen Kj values are all less than the minimum value of K; measured in
water (Ki = 2,4). For the same speed, the greatest difference between nitrogen
and water K; +values occurs in the low-speed (low ReD) range studied with each
liquid. Lower K; wvalues mean more resistance to cavitation; thus, for the
conditions investigated, the data of figure 7 show that liquid nitrogen is more
resistive to cavitation than water.

The reasons why the nitrogen K; wvalues are less than those for water are
not known. Factors usually considered as affecting X3 are nuclei content and
gas content of the liquid, wall nuclei, and fluid properties. All these factors
are different for nitrogen and water, and only the differences in fluid proper-
ties are known quantitatively. Which of these factors may be controlling the
difference between nitrogen and water K; values can only be surmised at pres-
ent. Varying nuclei and air content of water did not affect the K; values
(ref. 1). Also, the X; data for nitrogen in figure 7, which represent seven
loadings of the Dewar and the tumnel, indicated no trends due to possible varia-
tions in nuclei or gas content. The gas content for all the nitrogen data is
less than the minimum studied for water (about 6 percent saturated, see ref. 1).
If the gases in both liguids are not completely dissolved, this may help to lower
nitrogen Ki values relative to water. It 1s possible that any Venturi wall
nuclei may be somewhat lower at liquid-nitrogen temperatures than at water tem-
peratures, which in turn may result in lower Kj values for nitrogen compared
with water. Consldering the preceding observations, the difference between the
nitrogen and the water X; values of figure 7 is presently attributed to dif-
ferences In fluid properties. The study of additional liquids in the same
Venturi is required to substantiate the importance of the effect of fluid prop-
erties on Ky and to indicate which properties may be the controlling ones.

The liguid-nitrogen data of figure 7 are plotted in figure 8 in terms of the

effective-tension parameter (hyi, - hv)/(Vg/Zg) and effective liquid tension
hmin - hye The corresponding results for water are included for comparison. The
effective-tension parameter measured in liquid nitrogen varied, in a continuous
manner, from -1.7 at low velocity to a minimum (less negative) value of about
-1.24 at 55 feet per second, whereas the curve for water shows a knee at about
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30 feet per second beyond which there is little variation with further increasing
velocity. In terms of feet of the particular liquid (lower half of fig. 8), the
values of effective tension obtained for nitrogen are about twice those for water
for a given free-stream velocity. For ligquid nitrogen the effective tension
ranges from 8 to 60 feet at stream velocities of 17 to 55 feet per second, re-
spectively. It may be observed from figure 8, as well as from the water data of
reference 1, that the effective tension calculated at the visible inception of
cavitation increaseg as free-stream velocity increases. This is consistent with
the idea that the growth of a moving nucleus to the visible size of incipient
cavitation is in some manner dependent upon both the length of time the fluid is
exposed to local pressures less than the stream vapor pressure and the magnitude
of these pressure depressions. The length of time below the stream vapor pres-
sure is called nucleation or exposure time herein. The method used to calculate
exposure times is given in reference 1. It should be noted that during the ex-
posure time the flowing fluld experiences pressure decrements relative to the
vapor pressure that vary between zero and the maximum values presented (effective
liquid tension). (A scale of ligquid-nitrogen exposure time is included at the
bottom of fig. 8 for reference.) Unfortunately, exposure time and effective
tension are interrelated and are functions of pressure distribution, free-stream
velocity, and the incipient-cavitation parameter, which, in turn, can be affected
by the several factors previously discussed. With additional systematic experi-
mental studies of different liquids flowing through various pressure distribu-
tions (various model shapes and scales), however, it may be possible to deduce a
reagonably correct K; wvalue or trend for an arbitrary body and liquld by means
of some relations between effective tension and exposure time. This approach
might be aided by other comprehensive experimental tension-time studies with
static liquids.

Effects of Cavitation on Local Temperatures and Pressures

In noncavitating flow, liquld temperatures are uniform throughout the Ven-
turi; however, when the liquld ruptures, or cavitates, a phase change occurs be-
cause the volds rapidly £ill with vapor. Vapor generation involves the heat of
vaporization, which must be drawn from the surrounding liquid. Vapor generation
should result in a cooling of the vapor-liquld interface and in & reduction in
temperature around and within the cavity. If conditlions within the cavity are
in thermodynamic equilibrium, the pressure should drop to the vapor pressure
corresponding to the reduced local temperature.

As an initial step in evaluating some of the thermodynamic effects of cavi-
tation, nominally fixed amounts of cavitation were generated in nitrogen, and
the stabilized temperatures and pressures within the cavitated region were meas-
ured.

Figure 9 shows pressure and temperature variations within the cavitated
nitrogen region as functions of axial distance for three extents of cavitation
at a nominal free-stream veloclty of 20 feet per second. Photographs taken si-
multaneously with the pressure and temperature measurements are shown in fig-
ure 10. Well-developed cavitation extended to about 1, 2, and 4 inches
(#1/2 in.) as shown in parts (a), (b), and (c), respectively, of figures 9
and 10. Beyond these polnts, collapse occurred. Even within the region of




well~developed cavitation a frothy and rapidly varying mixture of vapor and lig-
uld existed; thus, measured temperatures and pressures reflect time-average
values of the mixture and not conditions within a purely vaporous cavity. The
solid curve through the circles in figure 9 represents pressures measured direct-
1y by the Venturi wall taps, while the horizontal line represents the vapor pres-
sure corresponding to the free-strean (liquid) tempersture of 140.0° R. Within
the region of well-developed cavitation, measured pressures are less than the
vapor pressure corresponding to the free-stream liquid temperature, the maximum
reduction being about 5 feet of liguid nitrogen for a velocity of 20 feet per
second. The start of the collapse regions (fig. 10) closely coincides with the
points where the measured pressure curves cross the free-gstream vapor pressure
line (fig. 9). Farther downstream the presgures continually increase and ap-
proach the noncavitating values shown by the dashed line (except for head
losses), although the photographs show numerous collapsing vapor cavitles within
this region. -Pressure measurements from taps 2 and 3 (fig. 3) are not presented.
The axial distance of these taps from the point of minimum pressure is less than
0.1 inch and because of the ragged and erratic location of the leading edge of
cavitation, especially at the higher speeds, these two pressure messurements

were not considered representative of a cavitated region.

The square symbols in figure 9 represent values of vapor pressure that cor-
respond to the measured temperatures, which range from 138.2° to 139.9° R. With-
in the region of well-developed cavitation, the vapor pressures corresponding to
these measured temperatures are in reasonable agreement with the local gtatic
pressures measured directly; thus thermodynamic equilibrium appears to exist.

The pressures within the cavitated region correspond to vapor pressures at lo-
cally reduced or depressed temperatures and not to the vapor pressure at the
free-stream liquid temperature, as might be first assumed. The axially decreas-
ing pressure and temperature depressions below the free-stream vapor pressure
and temperature reflect the adverse pressure gradient (fig. 5), which reduces
the cavity growth rate and thus reduces the evaporative cooling effect. The
larger temperature (and pressure) depressions with increasing smounts of cavita-
tion are attributed to a local increase in the vapor volume, which requires more
latent heat extraction from the neighboring liquid. For conditions presented in
figure 9, the minimum pressure (located at an axial distance of zero) at, or Jjust
prior to, incipient cavitation was 33 feet of liquid nitrogen absolute.

Temperature and pressure depressions also increased with free-stream veloc-
ity at fixed length or extent of cavitation. Figures 11 and 12 show, respec-

tively, the pressure variation with a nominal é%minch-long cavity and the cor-

responding photographs for a range of Vg from 25.1 to 42.0 feet per second.

As before, there is approximate agreement between the start of collapse in the
photographs (fig. 12) and the point where the measured pressure curve crosses the
free-stream vapor-pressure line (fig. 11). The level of stream vapor pressure
increases with tunnel speed because of the additional heat added by the pump.
There is reasonable agreement between measured pressures and vapor pressures cor-
responding to measured temperatures, except within the first 5/8 inch of axial
distance at the higher speeds. As speed increases, the leading edge of cavita-
tion becomes more erratic and ill-defined and tends to move farther downstream
from the minimm-pressure region (fig. 12). Axial and circumferential locations
of the leading edge fluctuate considerably; thus, fixed flaws or solid particles
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are not considered to be the cauge of the behavior shown in figure 12. The cav-
ity growth time is apparently too margingl at the higher speeds to assure a well-
defined leading edge. Because of the discontinuous nature of the cavity within
the 5/8-inch region, the curve representing measured pressures is not extended
into this region. From figure 11, the maximum temperature depression (below the
free-stream value) measured within the well-developed cavitation region is 30 F
at a free-stream velocity of 42 feet per second. A 3° F temperature drop cor-
responds to a vapor pressure depression of 9 feet of liquld nitrogen.

For a fixed cavity length, the larger temperature (and pressure) depressions
shown in figure 11 at the higher flow velocities are rationalized as follows.
The fluid approaching the cavitation zone experiences some pressure decrement
below the stream vapor pressure because of finite times required for bubble nu-
cleation. The value of this pressure decrement cannot be readily determined
because of unknown changes in the pressure distribution upstream of the well-
developed cavitation, but the decrement most likely increases with flow velocity.
Thus, at the instant that vaporization (flashing) takes place, there is a greater
driving potential (pressure decrement or liquid superheat) at the higher speeds,
and increased rates of vaporization result. For a fixed cavity length (implying
fixed cavity volume), therefore, approximately the same mass or volume of liquid
is vaporized at the different speeds, but in shorter times as speed increases.
Consequently, with increasing speed, the latent heat 1s probably drawn from a
smaller mass (thickness) of liquid, and thus, a larger temperature depression is
produced.

For nitrogen, the maximum temperature depressions measured (and the equiva-
lent pressure depressions) are summarized in figure 13 for nominal cavitation

lengths of l% and 4% inches over a speed range of 20 to 45 feet per second. Tem-

perature depressions increase with length of cavitation and speed, and range from
1° to 3° F (3 to 9 £t of liguid nitrogen). For nearly room temperature water and
conditions comparable to those Just presented for liquid nitrogen, measured tem-
perature depressions ranged from less than 0.1° to about 0.3° F. Changes in
vapor pressure due to these small temperature depressions are insignificant;
thus, pressures within the cavitated regions in water are essentially the vapor
pressure at the free-stream liquid temperature. The low values of temperature
depression measured in water, as compared with nitrogen, were anticipated. For

a given cavity volume, the heat required for vaporization (product of wvapor den-
sity, latent heat, and volume) is many times less for water than for nitrogen,
the very low density of water vapor being the controlling factor.

General Comparisons of Cavitation in Nitrogen and Water

Many of the observations of cavitation of water reported in reference 1
apply to the cavitation of nitrogen, except that herein no variations in gas con-
tent, purity of liquid, or nolse level were investigated. The following major
differences in cavitation characteristics of nitrogen and water in the same
Venturi were observed: (1) at all magnitudes of nitrogen cavitation, the process
was much less violent than for water; (2) rates of cavity formation in nitrogen
appear to be much slower then in water, while rates of collapse may be comparable
(based on collapse-region lengths for similar axial pressure gradients); and
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(3) at the higher speeds, nitrogen incipient cavitation (fig. 4(b)) tends to re-
semble in size that previously reported for water over a range of speeds.

Comparisons at the same value of K are limited because the minimm X
attainable for water (profuse cavitation and tunnel choking) is about 2.2, a
value generally higher than X; for nitrogen, as shown in figure 7. Photographs
of nitrogen and water cavitation at a K of 2.34 and comparable speeds are shown
in figure 14. Nitrogen is at incipient conditions, while the water contains ex-
tensive cavitation. Obviously, K does not predict the same degree of cavitation
between water and nitrogen, a fact which others have recognized and which has led
to the proposal that other correlating factors might account for the thermody-
namic effects of cavitation (refs. 7 to 9). Temperature and pressure depressions
within the cavitated reglon tend to limit cavity growth, and, as previously in-
dicated, such depressions were significant in liquid nitrogen but negligible in
water. Thus, nitrogen requires a lower K +than water for comparable extents of
cavitation. For example, a nitrogen K of 1.7 gives the same extent of cavita-
tion as for the water shown in figure 14(b) at a K of 2.34.

For the Venbturi studied, a constant K of 1.78 produced a nearly constant

l%-'to 2-inch-long nitrogen cavity over a Vo range from 20 to 45 feet per sec-

ond. On the other hand, with water, equal lengths of cavitation were more nearly
a function of K; - K. These criteria, however, did not suffice for all extents
of cavitation over the full speed range.

SUMMARY OF RESULTS

Experimental studies of liquid-nitrogen cavitation in a Venturi over a range
of velocities in a small closed~return tunnel yilelded the following principal
results:

1. Local minimum wall pressures, always significantly less than the vapor
pressure corresponding to the free-stream liquid temperature, were obtained at,
or Just prior to, inciplent cavitation. The maximum pressure decrement, or
effective liquid tension, ranged from 8 feet of liquid nitrogen at a free-stream
(approach) velocity of 17 feet per second to 60 feet of liquid nitrogen at a
gtream velocity of 55 feet per second.

2. Temperatures and pressures measured within a well-developed cavitation
region were in thermodynamic equilibrium but were less than the free-stream
values of temperature and vapor pressure. Measured temperature depressions were
as high as 3° F and corresponded to a head depression of 9 feet of liquid nitro-
gen (at the temperatures studied). These depressions increased with both stream
velocity and extent of cavitation.

3. Compared with room-temperature water, nitrogen sustained nearly twice the
effective tension, always cavitated a lesser amount for a given value of cavita-
tion parameter, and ylelded temperature depressions within a cavitated region
that were at least an order of masgnitude greater: 1°© to 39 F for nitrogen com-
pared with 0.1° to 0.3° F for water.
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4. Incipient cavitation occurred as intermittent bursts of vapor pockets in
the region of minimum pressure. For appreciable amountg of cavitation at higher
stream velocities, the upstream edge of cavitation tended to move randomiy as
much as 5/8 inch downstream from the minimum-pressure location.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, September 19, 1983
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Cp,min
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APPENDIX - SYMBOLS
noncavitating pressure coefficient, (hy - ho)/(Vg/Zg), dimensionless

noncavitating minimm-pressure coefficient, (hyin - hg)/(V3/2g), dimen-
sionless

free-stream diameter; for cavitation model, 1.743 in.; for aerodynamic
model, 8.03 in.

acceleration due to gravity, ft/sec2

static~-pressure difference across tunnel contraction nozzle, ft of lig-
uid nitrogen

minimum static pressure, ft of liquid abs

vapor pressure corresponding to free-stream liquid temperature measured
by platinum resistance thermometer, ft of liquid abs

static pressure at X/D, ft of liquid nitrogen abs

free-stream static pressure at x/D of 1.98, ft of liquid abs
. . 2 . .

cavitation parameter, (ho - hv)/(Vo/Zg), dimensionless

incipient-cavitation parameter, [(ho - hv)/(Vg/Zgi]_ o , dimension-
less lncipilent

free-stream Reynolds number based on diameter D, dimensionless
free-stream velocity at x/D of 1.98, ft/sec
axial distance from Venturi inlet, in.

radial distance from approach-section wall, in.
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(a) Schematic i1awing showing overall tunnel-bath arrangement for liquid-nitrogen operation.

Figure 1. - Cryogenic cavitation tunnel facility.
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(b) Facility in operation with liquid nitrogen.

Figure 1. - Continued. Cryogenic cavitation tunnel facility.
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Figure 1. - Concluded. Cryogenic cavitation tunnel facility.

18




6T

120 1b/sq in. air supply—

\

Vent
r i 0 to 250
) %9_(:‘_1]_, / lb/sq in.
//—l§—in diam : Egcﬂﬁg
pump
[ St
— —-«— Steam
Vent ‘EH— ________ h exhaust
,~Pressure F F:r\|r into wa-
0 to 30 1b/sq in. abs— balance | ter tank
valve l P |
__| =7
—4-in. dlam. 0 to 250

Yy
(R
A4
0 to 30 1b/sq 1n.—’® i

Bleed
vent

<0_to 3000 1b/sq in.

S
00 to 1000
cylinder o E To/sq in.
{window seals)

10 to 30 ﬁ_'
’—® 1b/sq in. ab

Liquid:
level : \ ,J\
sensor E E e

Z ? ib/sq in.
S

~0 to 300 0
1
ib/sq in. abs viggﬁém
~1-in, diam.

250 1b/sq in.

Tunnel vent and
blowoff valve

Vent

.

Hellum gas
supply (six
stations)

Nitrogen gas
supply (six
stations)

~ Vent

0 to_60 1b/sq in.

N “1-in. vacuum-jacketed fill
and drain line

4 T
< 0N
5934298,

20 to 300

Hand-operated valve
Pressure relief valve
Rupture disk

ry] Air-operated piston valve

B Alr-operated positioning valve
Loader

g Pressure regulator

B Solenoid

-

D

=L
vl
-

120 1b/sq in. air supply

4[ 1b/sq in.

250 1b/sq in.
dry air supply

Flgure 2. - Plumbing diagram for cryogenic cavitation facility.

450-gal
liquid-
nitrogen
Dewar




014

/—Taps 2 and 7

Outer-wall
thermo-

0.062-1n.-diam.
stainless steel
sheath (thermo-
couples replaced

by 0.062-in.-0.D.
stainless steel
tubing for pres-
sure measurements)—

aps 3, 6, and 10

Probe end
flush with

inner wall—

K 30-gage copper-
{1\ constantan wires
1

~Stainless steel

| fitting {includes
i Teflon seal)
/

[~1/16 NPT

§§\§\$

“}—Venturi
wall
(Luctite)

0.04

\
H
\
\
\
u
N
N
N
\
|
]
\
\
i

Ceramic
sleeving

A
/ \-Thermocouple

Junction

Typical pressure tap and wall
thermocouple installation.

(a) Sketch showing dimensions and instrumentation.

«6061—'1‘6

<11.6°

Tap 2 (4.343 in. from inlet)

f—Luci te
/

Shrink-fit
seal—

7

\\\\\\ 20151 '(r'ei‘.)

1
4.198 {approach \7{

section * [}
| rimmer- g 75 constant-diam.
[e—3.12 / wall section
[ e s thermo- I Flow mE)
I —=————f————— couple |pap.,
Diam., Rad., 0.183|1-377
16 1.7+43 Thermo-- (mlodii‘ied),gi ! | |
\/ couples o f ' \
N AN R q
2 \‘L\ | ; ] \\ |
T ] J
I
t, '
A ;
, { ' 1 ) ¢
Statlc-pres- // 3
sure tap 1— X 5
6*
7 8%
-~ 3,448 — 4,301 9 10%,
4.561 :

12.00

/1.93.15.26»5. 76 6.5 —m— 7.51——8 ., 51—

*Tap also used for thermo-
couple installation

Figure 3.

- Venturi te

st section.

(Dimensions in inches.)



T2

-stream diameter, y/D,

dimensionless

Ratio of radial distance from approach-section wall to free

.14

— Throat
.12
Flow m
/~Tap 3 (Shoulder)
- —— = ] === —_—
lo - P P —
. - ; T
Minimum pressure, pt“\ 4/ 1 Tap //--Tap centerline (hydro-
//\ | P " dynamic Venturi)
Z >
L. s
z d
I / P
.08 L :
% N
/7 \
R \ \
.08 // ; \
I/ \ \
/ /f"Modified quarter-round \ \
/
.04 f :
/ /,&\ Hydrodynamic Venturi
) (D = 1.743 in.) -
— ———— Aerodynamic model
/ / (D = 8.03 in.)
.02 I ,78.40 5 - Nominal design radius —
!l | /—Approach-section wall / 660/ \ (true quarter round)
A /
ol
2.40 2.42 2.44 2.46 2.48 2.50 2.52 2.54 2.56 2.58

Ratio of axial distance from test-section entrance to free-stream diameter, x/D

(b) Contour of quarter-round regions for hydrodynemic and acrodynemic Venturi sections.

Figure

3. - Concluded. Venturi test section.



22

et

S———EE

 Cavitation

(a) Free-stream velocity, 20.7 feet per second; free-stream

temperature, 140.3° R; incipient-cavitation parameter, 1.74.

C-86069
(b) Free-stream-velocity, 39.5 feet per second; free-stream
teuwperature, 141.9° R; incipient-cavitation parameter, 2.22.

Figure 4. - Variation in inclpient-cavitation characteristics
with free-stream velocity for liquid nitrogen.



(h, - ho)/(V(ZJ/Zg), dimensionless
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(v) Complete pressure distribution.

Ratio of axial distance from test-section entrance to free-stream diameter, x/D

Noncavitating pressure distribution for liquid nitrogen and aerodynamic
Venturis and comparison with incompressible, irrotational flow computations.
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(a) Free-stream velocity, 20.4 feet per second; cavitation
perameter, 1.78.

(b) Free-stream velocity, 20.1 feet per second; cavitation
parameter, 1.61.

-686070

(c) Free-stream velocity, 19.2 feet per second; cavitation
parameter, 1.37.

Figure 10. - Effect of decreasing cavitation parameter on
extent of nitrogen cavitation. Pictures correspond to
data in figure 9.
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(a) Free-stream velocity, 25.1 feet per second; (b) Free-stream velocity, 31.5 Ffeet per second;
cavitation parameter, 1.60; o cavitation parameter, 1.57;
free-stream temperature, 140.4 R. free-stream temperature, 141.0° R.

(c) Free-stream velocity, 37.4 feet per second; (d) Free-stream velocity, 42.0 feet per second;
cavitation parameter, 1.64; cavitation parameter, 1.68;
free-stream temperature, 141.8° R. free-stream temperature, 142.8° R.

Figure 12. - Effect of free-stream velocity on appearance of nominally fixed extent of nitrogen cavitation
(4%—111. length). Pictures correspond to data in figure 11.
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(a) Liquid nitrogen. Free-stream velocity, 46.2 feet
per second; cavitation parameter, 2.34; free-stream
temperature, 142.7° R.

(b) Demineralized water. Free-stream velocity, 37.9
feet per second; cavitgtion parameter, 2.34; free-
stream temperature, 61  F; air content, 9.2 milli-
grams of alr per kilogram of water.

Figure 14. - Comparison of nitrogen and water cavitation
for same cavitation parameter and comparable free-gtream
velocities.

NASA-Langley, 1964 E-2111
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